ABSTRACT: The interactions among the gut, liver, and immune system play an important role in liver disease. Probiotics have been used for the treatment and prevention of many pathological conditions, including liver diseases. Comprehensive two-dimensional gas chromatography time-of-flight mass spectrometry (GC×GC-TOF MS) was used herein, in conjunction with chemometric data analysis, to identify metabolites significantly affected by probiotics in mice fed with or without alcohol. The metabolomics analysis indicates that the levels of fatty acids increased in mouse liver and decreased in mouse feces when mice were chronically exposed to alcohol. Supplementing the alcohol-fed mice with culture supernatant from Lactobacillus rhamnosus GG (LGGs) normalized these alcohol-induced abnormalities and prevented alcoholic liver disease (ALD). These results agree well with previous studies. In addition to diet-derived long chain fatty acids (LCFAs), LGGs may positively modify the gut's bacterial population to stimulate LCFA synthesis, which has been shown to enhance intestinal barrier function, reduce endotoxemia, and prevent ALD. We also found that several amino acids, including L-isoleucine, a branched chain amino acid, were downregulated in the liver and fecal samples from animals exposed to alcohol and that the levels of these amino acids were corrected by
INTRODUCTION
Lactobacillus rhamnosus GG (LGG), a strain of the bacterium, Lactobacillus rhamnosus, has great affinity for human intestinal mucosal cells. Previous studies in our laboratory and others demonstrated that LGG is effective in the treatment of alcoholinduced liver injury in rodents. 1−4 More recently, we have shown that LGG culture supernatant (LGGs) is effective in the prevention of acute and chronic alcohol exposure-induced fatty liver. 5, 6 LGGs administration markedly attenuates the effects of alcohol exposure on intestinal barrier dysfunction, by increasing intestinal mucus factors and epithelial tight junction protein expression, leading to decreased circulation endotoxin levels. In addition, LGGs activates hepatic 5′ adenosine monophosphateactivated protein kinase-α (AMPKα) phosphorylation, which is critical for liver lipid degradation. 7 L. rhamnosus GG and its health benefits have been studied in genomics and proteomics. For example, Douillard et al. examined the genomes and phenotypes of 100 L. rhamnosus strains and compared them with that of LGG. 8 Koskenniemi et al. used gene expression profiling at the transcriptome and proteome levels to investigate the cellular response of LGG toward bile under defined bioreactor conditions. 9 Recent technical advances in metabolomics have promoted comprehensive studies to analyze the effect of probiotics on the metabolomic alterations in blood and fecal samples in inflammatory bowel disease 10 and to identify potential active ingredients in probiotic preparations for various diseases. 11, 12 However, comprehensive analysis of metabolite changes in tissue and fecal samples of subjects with alcoholic liver disease (ALD) has not yet been performed.
To gain insight into the metabolic mechanisms by which LGGs exerts its influence in ALD, investigation of metabolome alterations using high-throughput metabolomics analysis is needed. Comprehensive two-dimensional gas chromatography time-of-flight mass spectrometry (GC×GC-TOF MS) is a powerful analytical platform in metabolomics. It uses two distinct capillary GC columns of different polarities connected via a thermal modulator. 13−15 The analytes co-eluted from the first column are further separated in the second column because of the differences in column temperature and chromatographic polarities. The further-separated analytes are detected by a time-of-flight mass spectrometer. The GC×GC-TOF MS platform has significant advantages for complex sample analysis, including an order-of-magnitude increase in separation capacity, a significant increase in the signal-to-noise ratio and dynamic range, and an improvement in the deconvolution of mass spectra and similarity matches. 16−18 The objectives of this study were to determine if the beneficial effects of LGGs administration on the prevention of ALD are associated with alterations in metabolic profiles in the liver and fecal metabolome. Male C57BL/6 mice were pair-fed either an isocaloric control diet (PF) or alcohol-containing diet (AF) for 4 weeks with or without LGGs co-exposure. Liver and fecal samples were collected at the end of the experiments. The metabolite extracts from mouse livers and feces were analyzed on GC×GC-TOF MS for metabolic profiling.
EXPERIMENTAL METHODS

Animals and Diets
C57BL/6 male mice obtained from Harlan (Indianapolis, IN) were fed a modified Lieber−DeCarli liquid diet (Research Diet, New Brunswick, NJ). Mice were fed EtOH-containing diets (35% of total calories, AF) ad libitum for 4 weeks. Control mice were pair-fed an isocaloric diet in which EtOH was replaced with maltose-dextrin.
LGG was cultured following the instructions provided by ATCC (Manasses, VA). The culture supernatant was collected when LGG bacterial growth reached 10 9 CFU/mL. The LGG supernatant (LGGs) was added to the liquid diet at a dose equivalent to 10 9 CFU/mouse/day. At the end of the experiment, the mice were anesthetized, and the fecal and liver samples were harvested. A portion of the liver samples was fixed in formalin, and the rest of the liver and the fecal samples were frozen immediately in liquid nitrogen and stored at −80°C for subsequent analysis. The animal protocol was approved by the University of Louisville Institutional Animal Care and Use Committee.
Liver Oil Red O Staining and Liver Total Free Fatty Acid Analysis
Frozen liver sections were processed for staining with Oil red O and then studied by light microscopy. Hepatic free fatty acid levels were measured using Infinity kits (Thermo Scientific, Waltham, MA).
Metabolite Sample Preparation
The fecal sample was first weighed and homogenized on ice. Each homogenized fecal sample was added to ice-cold 80% methanol at a ratio of 50 mg of feces in 1 mL of 80% methanol. The mixture was vortexed for 10 min, followed by centrifugation for 10 min at 16 000 rpm. Two-hundred microliters of the supernatant was aspirated into a plastic tube and dried by SpeedVac overnight. The dried metabolite extracts were dissolved in 30 μL of methoxyamine hydrochloride solution (30 mg/mL) and vigorously vortex-mixed for 1 min. Methoxymation was carried out at 70°C for 1 h. After adding 30 μL of N-(tert-butyldimethylsilyl)-N-methyltrifluoroacetamide (MTBSTFA) mixed with 1% tert-butyldimethylchlorosilane (TBDMSCI), derivatization was carried out at 70°C for 1 h. To prepare liver samples, a sample of liver tissue was weighed and then homogenized for 2 min after adding water at a ratio of 100 mg of liver tissue/mL of water. The homogenized sample was then stored at −80°C until use. A 100 μL aliquot of the homogenized liver sample and 400 μL of methanol were mixed and vortexed for 1 min followed by centrifugation at room temperature for 10 min at 15 000 rpm. Four-hundred microliters of the supernatant was aspirated into a plastic tube and dried by N 2 flow. The metabolite extracts were then dissolved in 40 μL of methoxyamine hydrochloride solution (30 mg/mL) and vigorously vortex-mixed for 1 min. Methoxymation and derivatization were achieved in the same way as that for the fecal samples.
In order to verify compound identification, a total of 61 compound standards were prepared at equal molarity and analyzed via GC×GC-TOF MS. The methoxymation and derivatization of the fecal sample, liver sample, and compound standards were carried out right before GC×GC-TOF MS analysis.
GC×GC-TOF MS Analysis
A LECO Pegasus 4D GC×GC-TOF MS instrument was equipped with an Agilent 6890 gas chromatograph and a Gerstel MPS2 autosampler (GERSTEL Inc., Linthicum, MD), featuring a LECO two-stage cryogenic modulator and secondary oven. . The helium carrier gas (99.999% purity) flow rate was set to 2.0 mL/min at a corrected constant flow via pressure ramps. The inlet temperature was set at 280°C. The primary column temperature was programmed with an initial temperature of 60°C for 0.5 min and then increased at 5°C/min to 280°C and kept for 15 min. The secondary column temperature program was set to an initial temperature of 70°C for 0.5 min and then also increased by the same temperature gradient employed in the first column to 280°C accordingly. The thermal modulator was set to +15°C relative to the secondary oven, and a modulation time of P M = 2 s was used. The mass range was set as 29−800 m/z, with an acquisition rate of 200 mass spectra per second. The ion source chamber was set at 230°C with the transfer line temperature set to 280°C, and the detector voltage was 1450 V with electron energy of 70 eV. The acceleration voltage was turned on after a solvent delay of 675 s. The split ratio was set at 40:1 for liver samples and 10:1 for fecal samples.
Data Analysis
The GC×GC-TOF MS data were processed using LECO's instrument control software, ChromaTOF, for peak picking and tentative metabolite identification, followed by peak merging, retention index filtering, peak list alignment, normalization, and statistical significance testing using MetPP. 19 Two-way ANOVA with a threshold p ≤ 0.05 was used to determine whether a metabolite was significantly different in its abundance between sample groups.
For metabolite identification using ChromaTOF, each chromatographic peak was tentatively assigned to a metabolite if its experimental mass spectrum and a NIST11 MS library spectrum have a spectral similarity score higher than 600 (the maximum value of spectral similarity was defined as 1000 in ChromaTOF). If a chromatographic peak was tentatively assigned to a metabolite by mass spectral matching, then the other top four ranked metabolite candidates (regardless of the magnitude of their spectral similarity scores) were also considered as the identification results of mass spectral matching for this chromatographic peak. That is, the top five matched compounds for a chromatographic peak were selected as the tentative identification result of the chromatographic peak giving rise to the mass spectrum. The tentatively assigned metabolites were further filtered by retention index matching using iMatch software with a p-value threshold of <0.001. 20 To further verify the identification of metabolites detected with significant abundance difference between sample groups, the authentic standards of these metabolites, if commercially available, were analyzed on GC×GC-TOF MS under the same experimental conditions as the biological samples analyzed. A tentative metabolite assignment was considered to be a correct identification only if the experimental information on the authentic metabolite agrees with the corresponding information on the chromatographic peak in the biological samples, i.e., difference of the first dimension retention time, ≤10 s, difference of the second dimension retention time, ≤0.05 s, and the mass spectral similarity, ≥700.
RESULTS
Four biological sample groups were formed in this study: pairfed control mice without LGGs supplementation (PF-0, n = 5), pair-fed control mice with exposure to LGGs (PF-l, n = 7), alcohol fed mice without LGGs supplementation (AF-0, n = 4), and alcohol fed mice with LGGs supplementation (AF-l, n = 6). Metabolite identification was done in three sequential steps, as described in our previous work, including mass spectral matching, retention index matching, and comparison with authentic standards. 21 We compared the metabolic profile differences between PF-0 and AF-0, PF-1 and PF-0, and AF-1 and AF-0 in mouse liver and fecal samples, respectively.
GC×GC-TOF MS instrument data provide four pieces of information for each metabolite: the first dimension retention time 1 t R , the second dimension retention 2 t R , fragment ion m/z, and peak height of each fragment ion. The information on fragment ion m/z and peak height forms the mass spectrum of the metabolite. Figure 1 is a contour plot of the GC×GC-TOF MS data acquired from a fecal sample randomly selected from sample group PF-0. Each chromatographic peak in Figure 1 is composed of many data points, where the number of data points in each chromatographic peak depends on the size of the chromatographic peak. The color of each data point is the signal intensity, i.e., the total ion current of all fragment ions in the corresponding mass spectrum. The inset in Figure 1 demonstrates the increased separation power of GC×GC-TOF MS system. The two chromatographic peaks have identical retention times in the first dimension GC, but they are completely separated from each other on the second dimension GC. Therefore, these two chromatographic peaks will co-elute on a GC−MS system and generate a mixed-mass spectrum, which may induce false identification and quantification. By setting the spectral similarity threshold to ≥600 in ChromaTOF, 440−1100 and 750−840 metabolites were identified from the liver and fecal samples, respectively. The numbers of metabolites detected in liver samples and fecal samples were further reduced to 390−880 and 435−727, respectively, after retention index matching. After cross-sample alignment and removal of chromatographic peaks detected in blank samples, 236 metabolites presented in more than 75% of liver samples in at least one sample group, whereas 212 were in the fecal samples.
Two-way ANOVA tests were employed to identify metabolites with significant abundance changes between sample groups produced by alcohol, LGGs, or their interaction. The fold-change was defined as the ratio of the large abundance value (peak area) of a metabolite in one group divided by the small abundance value of the same metabolite in the other group. The positive and negative signs indicate an abundance increase or decrease in the test sample group compared to that in the reference sample group, respectively. Figure 2A is an example of the changes in metabolite abundance detected in the liver samples. The abundance distribution of the metabolite, hexanoic acid, in liver samples was detected in the four sample groups, PF-0, PF-1, AF-0, and AF-1. Hexanoic acid (caproic acid), a natural fatty acid existing in all mammals, has been shown to be beneficial in high-density lipoprotein synthesis in the liver. Compared with the abundance of this metabolite in control group PF-0, the level of this metabolite was increased with a fold change of 1.56 in group AF-0 and was decreased with a fold change of 1.09 in group PF-1. Comparing its abundance between groups AF-1 and AF-0, this metabolite is decreased with a fold change of 1.23 in the AF-1 group. The p-values for the factors of alcohol,
LGGs, and their interaction are 0.002, 0.24, and 0.80, respectively. The alcohol factor has the smallest p-value of 0.002, indicating that this metabolite (hexanoic acid) has a significant alteration in its abundance in mouse livers because of the alcohol factor, whereas LGGs alone (p = 0.24) and the interaction of LGGs and alcohol (p = 0.80) did not significantly change the abundance of this metabolite in the liver. Figure 2B depicts the abundance distribution of the same metabolite (hexanoic acid) in feces among the four sample groups. The trend in the abundance distribution of this metabolite in fecal samples is completely different from that in the liver samples. Compared with the abundance of this metabolite in control group PF-0, the abundance of this metabolite is decreased 1.54-fold in group PF-1 and by 1.25-fold in sample group AF-0. Hexanoic acid is increased with a fold change of 1.58 in group AF-1 compared to AF-0. The pvalues of alcohol, LGGs, and their interaction are 0.05, 0.92, and 0.003, respectively. The large p-value of 0.92 indicates that
LGGs alone did not significantly alter the abundance of this metabolite in the mouse fecal metabolome, whereas alcohol alone affected the abundance of this metabolite (p = 0.05). Importantly, the smallest magnitude p-value (p = 0.003) for the interaction between alcohol and LGGs indicates that the abundance of this metabolite was significantly changed owing to the synergistic effect of alcohol and LGGs on the mouse fecal metabolome.
Figures S1 and S2 depict the abundance distributions of tetradecanoic acid and trans-9-octadecenoic acid in all sample groups, respectively. Compared with the trend in the abundance changes between sample groups for hexanoic acid, these two metabolites have a similar trend in their abundance changes among the four liver sample groups and the fecal sample groups, respectively. Table 1 lists all metabolites that were detected with significant abundance changes from liver samples among the four sample groups with a threshold of p ≤ 0.05. These compounds include eight free fatty acids, six amino acids, three other acids, and three other small compounds. Among the eight fatty acids, one is a short chain fatty acid (SCFA, acetic acid), two are medium chain fatty acids (MCFA, hexanoic acid and dodecanoic acid), one is a long chain fatty acid (LCFA, tetradecanoic acid), two are monounsaturated fatty acids (trans-9-octadecenoic acid and cis-9-hexadecenoic acid), and two are polyunsaturated fatty acids (mead acid and arachidonic acid). The abundance of all four saturated fatty acids and cis-9-hexadecenoic acid were increased when the mice were fed alcohol (column FC-2 in Table 1 ). However, the abundance of all of these acids decreased when the alcohol-fed mice were also exposed to LGGs (column FC-1 in Table 1 ). Figure 3 depicts the results of total free fatty acid analysis, showing that the total non-esterified fatty acids were increased by alcohol exposure and decreased by LGGs supplementation. Histological examination confirmed our metabolomics finding that hepatic fat accumulation by alcohol was markedly increased and that
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LGGs supplementation prevented it (Figure 4) .
Among six amino acids, the abundance of five amino acids, including L-isolucine, L-proline, L-threonine, L-phenylalanine, and L-valine, decreased when mice were exposed to alcohol alone (column FC-2 in Table 1 ), whereas they all increased when the alcohol-fed mice were exposed to LGGs (column FC-1 in Table 1) . Table 2 lists metabolites with significant abundance changes among sample groups detected from fecal samples with a threshold of p ≤ 0.05. A total of nine free fatty acids, nine amino acids, two alcohols, six other acids, and nine other small compounds have significant changes in abundance due to alcohol, LGGs, or their synergetic interaction. Among these nine fatty acids, two are short chain fatty acids (SCFA, isovaleric acid and pentanoic acid), one is a MCFA (hexanoic acid), four are LCFA (heptadecanoic acid, hexadecanoic acid, nonadecanoic acid, tetradecanoic acid), one is a polyunsaturated omega-6 fatty acid (9,12-octadecadienoic acid), and one is an omega-7 monounsaturated fatty acid (cis-9-hexadecenoic acid). Compared with their abundance in sample group AF-0, the abundance of these SCFAs, MCFAs, and LCFAs in sample group AF-l were significantly increased, whereas that of omega-7 monounsaturated fatty acid and polyunsaturated omega-6 fatty acid decreased (column FC-1 in Table 2 ). Even though the fold changes of most of the fatty acids are moderate, the abundance of hexadecanoic acid increased 20.6-fold in group AF-1. Among the nine amino acids, the abundance of seven decreased in group AF-0 compared to that in group PF-0 (column FC-2 in Table 2 ). Among these seven amino acids, six amino acids increased in the alcohol and LGGs treated group, AF-1, compared to that in group AF-0 (column FC-1 in Table  2 ). It is interesting that the abundance of L-proline decreased in group AF-1 compared to that in group AF-0, decreased in group AF-0 compared to that in group PF-0, and decreased in group PF-1 compared to that in group PF-0.
DISCUSSION
Four sample groups were formed in this study to investigate the effects of alcohol, LGGs, and their interaction on the mouse liver and fecal metabolomes. Figure 5 depicts clustering results of the metabolite profiles of the four liver sample groups ( Figure 5A ) and four fecal sample groups ( Figure 5B ), using partial least-squares discriminant analysis (PLSDA). The crossvalidation demonstrates good predictive ability of the models, with relatively high Q 2 values of 0.54 for fecal samples and 0.67 for liver samples ( Figure S3 ). The clear separation among sample groups indicates that there are significant metabolic profiling differences among the sample groups. Figure S4 shows the clustering results using the k-means clustering method, during which principal component analysis (PCA) was used for data dimensionality reduction. The clustering accuracies of fecal samples and liver samples are only 0.55 and 0.52, respectively. While such different clustering results were mainly caused by the nature of the clustering algorithms (i.e., PLSDA is a supervised clustering method, but k-means is not), the poor clustering results of k-means reflect moderate differences in the metabolite profiles among the sample groups.
Analysis of Liver Samples
Excess alcohol consumption is one of the major factors in the development of fatty liver, which is characterized by hepatic accumulation of triglyceride, cholesterol, and other types of lipid. A total of eight fatty acids were detected with significant alterations in their abundance among the four sample groups. The four saturated fatty acids and cis-9-hexadecenoic acid have the same trend in their alteration of abundance, whereas the polyunsaturated fatty acid arachidonic acid has the opposite direction of its abundance changes. The abundance of all four saturated fatty acids and cis-9-hexadecenoic acid are increased in the liver of the mice fed alcohol. While SCFAs are metabolized in the mitochondria for energy production, MCFAs and LCFAs are mainly oxidized in the peroxisome. 22 The higher levels of MCFAs and LCFAs in the liver of mice fed alcohol strongly suggest that alcohol feeding interferes with lipid peroxisomal oxidation, which is critical for hepatic fat elimination. However, hepatic levels of these fatty acids were significantly decreased in liver when LGGs was supplemented to alcohol-fed mice. This agrees with our total non-esterified fatty acids analysis and the results of the histological examination of liver sections (Figures 3 and 4) . Taken together, the beneficial effects of LGGs on liver fat accumulation are mediated, at least in part, by increasing fatty acid peroxisomal oxidation.
Another finding in the current study is the decrease in five amino acids, L-isoleucine, L-proline, L-threonine, L-phenylalanine, and L-valine, by alcohol feeding and the normalization of their abundance by LGGs supplementation. L-Threonine is an essential amino acid that is not synthesized in mice. LThreonine deficiency causes fat buildup in the liver, whereas supplementation with L-threonine lowers the hepatic fat concentration. 23 L-Proline is a nonessential amino acid that can be synthesized from glutamate. Importantly, L-isoleucine is a branched-chain amino acid (BCAA), which is an essential amino acid and plays an important role in many aspects of hepatic physiology. 24 Clinical studies have shown that BCAAenriched nutritional supplementation is beneficial for the treatment of ALD. 25 Our results agree with these studies and demonstrate that LGGs supplementation increases the concentration of L-isoleucine to reduce the fat buildup induced by alcohol, likely through improved intestinal absorption. Altogether, our studies demonstrate that LGGs helps to remedy the amino acid depletion-mediated liver damage caused by alcohol consumption.
Analysis of Fecal Samples
We have previously demonstrated that saturated fat supplementation protects the liver from alcohol-induced injury through stabilizing intestinal tight junctions, leading to reduced levels of circulating lipopolysaccharide (LPS). 26 Although the underlying mechanisms of this are still unclear, recent studies have shown that saturated fatty acids are metabolized by commensal Lactobacilli to promote their expansion. 27 Fatty acids can be synthesized by bacteria in the host in addition to being derived from fat in the diet. In the current studies, we fed mice with the same amount of fat in an isocaloric diet in all animal groups. Therefore, the changes in fatty acids that we observed are likely from bacterial production. The concentration of five out of nine detected fatty acids (i.e., isovaleric acid, hexanoic acid, heptadecanoic acid, tetradecanoic acid, and cis-9-hexadecenoic acid) was significantly reduced in the feces of mice fed alcohol. Of particular interest, hepatadecanoic acid (C17:0), which is a LCFA produced only by bacteria, 28 was reduced 2.41-fold by alcohol. Importantly, LGGs supplementation to both alcohol-fed and pair-fed mice significantly increased luminal levels of hepatadecanoic acid.
Chronic alcohol exposure significantly changes the gut's bacterial population. 29 Administration of probiotics to alcoholexposed mice normalized gut microflora, restored intestinal barrier tight junctions, reduced endotoxin translocation, and attenuated liver steatosis and inflammation. 2 The increased abundance of fatty acids (i.e., isovaleric acid, pentanoic acid, hexanoic acid, heptadecanoic acid, hexadecanoic acid, nonadecanoic acid, and tetradecanoic acid), therefore, contributes to the beneficial effects of LGGs, namely, reduced fatty liver and liver injury, in response to alcohol exposure.
Similar to our findings in the liver, fecal concentrations of six amino acids (L-methionine, L-phenylalanine, L-omithine, Lalanine, L-threonine, and L-aspartic acid) were reduced by alcohol feeding and increased by LGGs supplementation. Proteins in the diet are degraded in the intestine to amino acids, which serve as nutrients for intestinal cells and extraenteric tissues. Previous work demonstrated that gut microflora potentially plays a major role in proteolysis in the large intestine. Amino acid metabolism in host cells depends on the type of bacteria and amino acids. Currently, it is still unclear how a specific amino acid is metabolized in the gut in response to alcohol exposure. The fact that the decreased amino acid concentration of six amino acids was increased by LGGs supplementation suggests that the effects of LGGs on amino acid anabolism could potentially contribute to the beneficial effects in ALD.
While differences in metabolite regulation among the sample groups observed in this study are consistent with our histological study, our current work still has some limitations. Metabolites in mouse liver and mouse feces can have very diverse chemical characteristics. In this work, metabolites were extracted by water and methanol. Most nonpolar metabolites were lost during this analytical step. The extracted metabolites were then analyzed by GC×GC-TOF MS. Even though GC×GC-TOF MS has better separation power compared to that of conventional one-dimensional GC-MS, it may not be enough to resolve all metabolites and may result in overlapping chromatographic peaks, which would introduce significant challenges for metabolite identification and quantification.
In this work, metabolite identification was first achieved by matching the experimental mass spectra to the mass spectra recorded in the NIST11 MS library. The incompleteness of the existing mass spectra library not only introduces a certain degree of false-positive identifications but also leaves a number of chromatographic peaks without any compound identification. Besides the MS library, metabolite identification in the analysis of GC×GC-TOF MS data can also be affected by the spectral similarity measure and the optimal weight factor used during mass spectral matching. 30, 31 It is impossible to estimate the rate of false-positive identifications induced by the incompleteness of the NIST11 MS library. However, analysis of the NIST11 MS library demonstrated that the accuracy of mass spectral matching-based metabolite identification can be improved from about 80 to 96% if the top five ranked metabolite candidates are considered as the identification results. 30 For this reason, we used the top five ranked metabolite candidates of each chromatographic peak as the results of mass spectral matching and further subjected the mass spectral matching results to retention index matching. The metabolite candidate with the best retention index matching was kept for further analysis.
All of these technical limitations in the current study prevent us from seeing the entire picture of the metabolite profile in mouse liver and feces. Further studies, such as using different extraction methods and combining both GC×GC-TOF MS with two-dimensional liquid chromatography high-resolution mass spectrometry (2D LC−MS), may provide more comprehensive results.
CONCLUSIONS
GC×GC-TOF MS was used to identify metabolites that have significant alterations in their abundance in mouse liver and fecal samples collected from mice fed with and without alcohol and with and without co-exposure to LGGs. Our results show that the abundance of saturated fatty acids increased in liver samples but that the abundance of a fraction of these fatty acids decreased in fecal samples when the mice were fed alcohol. However, the abundance of all saturated fatty acids decreased in mouse livers but increased in mouse feces when the mice were co-exposed to LGGs. Also, we found that alcohol consumption depletes some amino acids in mouse livers and that such liver damage can be remedied by supplementing the mice with
LGGs. These results demonstrate that LGGs alleviates alcoholinduced fatty liver by mechanisms involving increasing intestinal and decreasing hepatic fatty acids and increasing amino acid concentration.
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